INTRODUCTION
In the development of the adhesive dentistry, technological changes (e.g., new adhesive systems and products, especially those with enhanced mechanical and antibacterial properties 1) ) are continually advancing. The success of restorations hinges on the adhesion stability between the resin composite and tooth structure. To maintain adhesion stability, the presence and quality of the hybrid layer is important 2) . In terms of the hybrid layer, self-etching adhesive systems create a thinner layer than phosphoric acid etching systems; however, there is less damage to the tooth structure, especially to dentin. The most widely used self-etching adhesive systems are two-step self-etching adhesives, which involve two application steps: the conditioning of tooth substrates with a self-etching primer, followed by the application of a bonding resin. Tsuchiya et al. 3) observed inhibition of artificial secondary caries around restorations <1-μm thick beneath the hybrid layer (i.e., the acid-base-resistant zone (ABRZ)) only with self-etching adhesive systems. Their results suggest that self-etching primer in adhesive systems may be important in terms of the prevention of secondary caries around the restoration, sealing of restoration margins, and promotion of restoration durability. Self-etching adhesive systems contain specific functional monomers that determine adhesive performance. Among several functional monomers, 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) reportedly yields the most intensive chemical interaction with residual hydroxyapatite compared with other monomers such as 2-methacryloxyethylphenyl hydrogen phosphate (Phenyl-P) and 4-methacyloxyethyl trimellitic acid, and its calcium salt appears to be the most hydrolytically stable based on its low dissolution rate in water 4, 5) . As with 10-MDP-based two-step self-etch adhesive, Clearfil SE Bond (Kuraray Noritake Dental, Tokyo, Japan) has been proven to yield reliable results in terms of bonding effectiveness and durability 6, 7) , especially in terms of ABRZ formation at the adhesive interface when compared to other commercially available self-etching adhesive systems 8) . Imazato et al. 9) reported that usage of the antibacterial functional acidic monomer 12-methacryloyloxydodecylpyridinium bromide (MDPB) effectively provided antibacterial effects in bonding systems. Clearfil Protect Bond (Kuraray Noritake Dental) is a bonding system that incorporates MDPB in the primer, as well as a fluoride-release source (surface-treated NaF) in the bond. Several studies have reported that this adhesive system demonstrates high acid resistance and long-term bond durability [10] [11] [12] [13] . Thus, providing high functionality to the primer and/ or bonding agent has the potential to enhance adhesion and durability.
Teeth contain high concentrations of calcium and phosphate as hydroxyapatite, in which the proportion of calcium can reach as high as 39.98 wt% 14) . On the treated surface after removing caries, minerals, especially calcium ions, are lacking due to carious acid attack, and the mineral density decreases dramatically. As such, caries-affected dentin (CAD) has poor mechanical properties (e.g., bond strength) compared with normal tooth. Therefore, adhesive systems that can provide a calcium source and other minerals on the restorative interface could be advantageous.
As noted above, a high-functionality primer that contains an antibacterial monomer has been developed with the ability to promote good adhesion in clinical situations; however, no such primer systems include calcium, which might help to reinforce the adhesive interface, offering improved adhesion stability between the resin composite and tooth structure.
Therefore, the purpose of this study was to evaluate the influence of an experimental calcium-containing selfetching primer in a conventional two-step self-etching adhesive system in both fluoride-lacking and fluoridecontaining adhesive systems on dentin micro-tensile bond strength (μ-TBS) and acid resistance.
MATERIALS AND METHODS
Human caries-free third molars were collected after obtaining written informed consent, and were stored frozen. It was approved by the human research ethics committee of Tokyo Medical and Dental University (No. D2013-022). For each tooth, the coronal portion was removed to expose a flat, midcoronal dentin surface using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) under water refrigeration. The exposed dentin surface was ground using 600-grit silicon carbide abrasive paper under a water stream for 60 s to produce a standardized smear layer.
The basic composition of the experimental calcium-containing primer was Clearfil SE Bond primer supplemented with 10 wt% CaCl 2 (Table 1) . It was prepared as a two-bottle-type primer to prevent calcium from combining with 10-MDP, allowing the calcium to exist in the ion form after mixing. The two bottles were mixed in equal proportions immediately before application to the restoration surface, where the application time and other procedures followed those of the Clearfil SE Bond primer.
In the bonding procedure, two types of primers (Clearfil SE Bond primer (SEP) and experimental calcium-containing primer (CaP)) and bonding agents (Clearfil SE Bond (SEB) without fluoride and Clearfil Protect Bond (PBB) with fluoride) were tested (Table 1) , yielding a total of four experimental groups: SEP-SEB, SEP-PBB, CaP-SEB, and CaP-PBB. Each primer was applied on the dentin surface for 20 s, after which the bonding agent was applied and light-cured for 10 s at a standardized distance of 8 mm using a halogen light curing unit (XL 3000, 3M, St. Paul, MN, USA) set at 600 mW/cm 2 . Figure 1 presents a schematic representation of the experimental procedures for the μ-TBS test. After completing the bonding procedure in each group, a resin composite (Clearfil AP-X, Shade A2, Kuraray Noritake Values are given as mean±SD in MPa (number of specimens). Same small letter in same column means no significant difference (p>0.05). Same capital letter in same raw means no significant difference (p>0.05). SEP: Clearfil SE Bond primer, SEB: Clearfil SE Bond, CaP: Experimental calcium-containing primer, PBB: Clearfil Protect Bond Dental) was built up into an approximately 4-mm-thick layer on the treated dentin surface and light-cured for 40 s. Before testing, the four experimental groups were further divided into a group stored in distilled water at 37°C for 24 h (24-h group) and a group treated with thermal cycling (Tokyo Giken, Tokyo, Japan) for 5,000 cycles between 5 and 55°C with a resting period of 30 s (TC5000 group). Then, each bonded specimen was longitudinally sectioned in both the buccal-lingual and mesiodistal directions across the bonded interface to obtain multiple sticks approximately 1.0×1.0-mm thick. Each stick was fixed to the attachment with cyanoacrylate adhesive (Model Repair II Blue, DentsplySankin, Tokyo, Japan), and tension stress was applied using a universal testing machine (EZ-SX, Shimadzu, Kyoto, Japan) at a crosshead speed of 1 mm/min until failure.
μ-TBS test
The number of specimens differed among the groups (Table 2) . Data indicated normal distribution by Shapiro-Wilk test (p>0.05). However, the variance of data indicated non-homogeneous by Levene's test (p<0.05). Therefore, the mean bond strength was analyzed by two-way analysis of variance and Dunnett's T3 test. In addition, the mode of failure of debonded specimens was evaluated under scanning electron microscopy (SEM; JSM-5310LV, JEOL, Tokyo, Japan) and classified into one of four categories: 1) cohesive failure in resin or mixed failure between resin and adhesive; 2) interfacial failure between adhesive and dentin; 3) mixed failure between adhesive and dentin; and 4) cohesive failure in dentin 15) . The frequency of failure mode was analyzed with the Fisher exact test. All statistical analyses were performed at the 0.05 significance level using the statistical software SPSS ver. 22 (IBM, Armonk, NY, USA). Figure 2 illustrates the specimen preparation for the ABRZ observations. For each group, three molars were sectioned into 2-mm-thick dentin disks at the midcoronal portion horizontal to the tooth axis. Each primer was applied on the dentin surface for 20 s and bonding agent was applied and light-cured (XL 3000, 3M) for 10 s. Then, Estelite flow quick (Shade A2, Tokuyama Dental, Tokyo, Japan) was placed between pairs of treated dentin disks and light-cured for 40 s from the top and bottom surfaces to form a dentin disk sandwich 3) . After 24-h storage or TC5000 treatment, samples for ABRZ observation were embedded in epoxy resin (Epoxicure 2, Buehler). Then, the acid-base challenge was performed 
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RESULTS
μ-TBS test
The mean values of the μ-TBS test (MPa) (24-h/TC5000) are shown in Table 2 . In the 24-h storage group, CaP-PBB exhibited the lowest bond strength; however, there was no significant difference among the other 24-h groups (p>0.05). After thermal cycling, the SEP-SEB and CaP-SEB groups showed significantly higher bond strengths than before thermal cycling, while the other two groups showed no significant difference. In the TC5000 group, SEP-SEB and CaP-SEB showed significantly higher bond strengths than the other two groups, whereas CaP-PBB exhibited the lowest among all groups. Table 3 presents the results of the failure mode analysis. In all 24-h groups, interfacial failure between adhesive and dentin was mainly observed, with no significant differences (p>0.05). In the TC5000 groups, the SEP-SEB and SEP-PBB groups showed significant difference in the frequencies of interfacial failure and cohesive failure in dentin, and the CaP-SEB group showed a significant difference in the frequency of interfacial failure (p<0.05). Comparing the groups before and after thermal cycling, there was a tendency for the rate of interfacial failure to decrease and cohesive failure in dentin to increase in both the SEP-SEB and CaP-SEB groups; however, only the CaP-SEB group showed a significant difference in the rate of interfacial failure (p<0.05), whereas the other groups showed no significant differences before and after thermal cycling (p>0.05). Figures 3 and 4 present SEM images of the adhesivedentin interface after acid-base challenge. ABRZs were clearly observed beneath the hybrid layer in all specimens. There were no characteristic differences before and after TC5000 treatment; however, the morphological features of the ABRZ differed among the groups. Sloped ABRZ formations were predominantly observed in the SEP-PBB and CaP-PBB groups. Meanwhile, the SEB-SEP and CaP-SEB groups showed erosion along the top of the outer lesion. Interestingly, the ABRZ of the CaP-SEB group was thicker than that of the SEP-SEB group. Finally, the SEP-SEB group showed the thinnest ABRZ, although it had the greatest hybrid layer width.
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DISCUSSION
μ-TBS results
In the 24-h storage group, CaP-SEB did not show reduced bond strength compared to the other groups. Burrow et al. 16) reported that application of 10% citric acid in 20% CaCl2 conditioner before applying the bonding system (Liner Bond, Kuraray Noritake Dental) yielded a high bond strength after 24 h of storage. In this study, CaCl 2 was used as a calcium source in the experimental primer. Normally, including additional ingredients and increasing the pH can affect the bonding ability. However, the materials and conditions in their study differed from those in this study, which could explain why CaCl 2 did not affect the early bond strength in the CaP-SEB group.
Clearfil Protect Bond has been shown to have a lower early bond strength than Clearfil SE Bond 11) . Moreover, adhesive systems incorporating MDPB showed slightly, albeit non-significantly, lower bond strength than adhesive systems without MDPB 9, 10) . In this study, the early bond strength in the SEP-PBB group was the same as those of the other groups. This was possibly because we used Clearfil SE Bond primer (containing 10-MDP) instead of Clearfil Protect Bond primer (containing MDPB) in this study.
Among the groups, the CaP-PBB group showed the lowest bond strength. Calcium, which remained in its ion form on the dentin surface, may have combined with fluoride ions from the adhesive to form CaF 2 or other calcium-fluoride complexes, acting as an inhibitor of bond strength on the surface of dentin by inhibiting the penetration of the bonding agent.
A previous study reported an experimental adhesive system based on Clearfil SE Bond with primer containing 10 wt% CaCl 2 and dentin matrix protein along with bonding agent containing hydroxyapatite, which showed significantly decreased dentin bond strength 17) . However, the calcium-containing primer system in this study did not affect the bond strength in the absence of fluoride. Thus, this condition may have affected the results.
After TC5000 treatment, the SEB groups exhibited significantly higher bond strengths than those before TC5000 treatment, whereas the PBB groups showed no significant differences. It was reported that the bond strength of Clearfil SE Bond primer increased significantly after 10,000 thermal cycles 18) , although there was no significant difference in the μ-TBS of Clearfil Protect Bond before and after 20,000 thermal cycles 19) . From the results of the failure mode, the statistical analysis of all failure modes did not support the results of the bond strength test. However, the SEB groups showed a tendency toward a lower interfacial failure rate and increased cohesive failure rate after thermal cycling.
These results suggest that post-curing of incomplete polymerization within the resin composite and adhesive may be caused by thermal loading when using Clearfil SE Bond, while fluoride-containing bond may not promote this reaction. Meanwhile, other studies reported that the bond strength of Clearfil Protect Bond was increased after long-term storage in water 11, 13) . Therefore, longer thermal cycle or water storage tests may be required to effectively evaluate bond durability.
As a potential factor of the bond-strength increase in the CaP-SEB group, we considered the effects of the MDP-calcium salt. Adhesive containing the functional monomer 10-MDP, which effectively interacts chemically with hydroxyapatite within a clinically reasonable time, and which exhibits minimal solubility as the calcium salt, showed no signs of degradation in terms of bond strength and interfacial ultrastructure 5) . In addition, the calciumcontaining primer may have promoted the formation of the MDP-calcium salt at the dentin interface, which may have resulted in the increased bond strength of the CaP-SEB group after thermal loading.
ABRZ observation
According to the acid-challenge test results, the SEP-SEB group had a thinner ABRZ than the other groups. In addition, slope formation at the bottom of the ABRZ was only observed in the fluoride bond (PBB) group, and not in the CaP-SEB or SEP-SEB groups. Moreover, the CaP groups had a thicker ABRZ than the SEP groups. These results suggest that the presence of calcium may influence the thickness and quality of the ABRZ, and its function against acids may differ from that of fluoride adhesive.
Shinohara et al. 10) reported similar ABRZ characteristics, with no slope formation observed in the Clearfil SE primer (10-MDP, pH=2.0) with Clearfil SE bond group and Clearfil Protect Bond primer (MDBP, pH=2.0) with Clearfil SE Bond group, and slope formation was only observed in fluoride-containing bond groups. These results suggest that slope formation may depend on the existence of fluoride, not the pH of the primers or functional monomers. Moreover, slope formation and a thicker ABRZ were observed in the fluoride-containing adhesive. The authors speculated that the presence of a fluoride-releasing component in the adhesive resin prevented demineralization of the dental structure against acid attack 8) . The calcium-containing primer had a higher pH (2.4) than the Clearfil SE primer (2.0) and milder etching effect. The etching aggressiveness of self-etching adhesive systems can be classified as strong (pH<1), intermediately strong (pH≈1.5), mild (pH≈2), and ultramild (pH≥2.5) 20) . Mild self-etching partially removes the smear layer, forming a thin hybrid layer 21) . Koshiro et al. 22) reported that hydroxyapatite crystals remained around collagen fibrils even after self-etching treatment because of their relatively high pH (>2). Meanwhile, ultra-mild self-etching can only expose superficial dentin collagen and to produce the characteristic structure called the nanometer interaction zone (NIZ), which has a thinner and less-demineralized interface, with the presence of hydroxyapatite-coated collagen fibrils 22) . The interface of the NIZ is expected to be stronger and more durable because of its lack of complete exposure of collagen fibers compared with the typical hybrid layer of mild etching. The calcium-containing primer (pH=2.4) in this study exhibited ultra-mild etching properties (pH≥2.5); therefore, it is suspected that hydroxyapatite in collagen fibrils, which can react with functional monomers, remained within the hybrid layer, resulting in the thicker ABRZ.
As another factor, the calcium salt of 10-MDP is not readily soluble, and less-soluble calcium salts of acidic molecules 4) result in more intense and stable molecular adhesion to hydroxyapatite-based substrates according to the adhesion-decalcification concept 23) . For example, Matsui et al. 24) revealed that the presence of 10-MDP in adhesive contribute to reinforce dentin against acid attack. As another hypothesis explaining the thick ABRZ in the CaP groups, we speculated that more 10-MDP salt was produced in the etched dentin surface due to the presence of calcium in the primer, increasing acid resistance.
The CaP-PPB showed improved acid resistance due to the thickness of the ABRZ with slope formation. Thus, the calcium in the primer appeared to work cooperatively with the fluoride in the bond, increasing the acid resistance. The CaP-PBB group also showed the lowest bond strength. Similarly, studies have reported that some types of adhesive systems used in clinical situations show lower bond strengths than CaP-PBB under similar conditions as those in this study 25) . Given its advantage in acid resistance, we suggest the use of this combination as a new bonding system.
In this study, only intact dentin was used as the adherent, although clinically resin composite restoration may be applied to either sound dentin or CAD. However, as indicated by several studies, there are differences in the mechanical and chemical properties between intact dentin and CAD 26, 27) , where increasing levels of demineralization result in poorer mechanical properties and reduced mineral contents 28) . It is expected that calcium-containing adhesive could overcome such weaknesses via the remineralization of CAD. To consider this application clinically, the evaluation of calciumcontaining primer on CAD is required.
CONCLUSION
The results suggest that calcium in primer does not reduce the bond strength compared with normal primer and improves the acid resistance of bonding systems. Thus, calcium-containing primer with fluoride bond is expected as new bonding system to improve the chemical properties of the bond. Regardless, further studies to evaluate the effects of calcium-containing primer on CAD and more thermal cycle load or storage tests are required to better evaluate its durability. Overall, we suggest that a two-step self-etching adhesive system composed of experimental calcium-containing primer can be used as an adhesive system with high acid resistance and acceptable bond strength.
